The detection of nucleic acids by pattern recognition receptors is an ancient and 27 
Introduction 61
A key feature of innate immunity is the detection of pathogen-associated 62 molecular patterns (PAMPs) by pattern recognition receptors (PRRs) (1). For 63 mammalian cells, viral nucleic acids are detected by distinct PRRs, triggering 64 interferon-stimulated gene (ISG) expression to set up an antiviral state. During RNA 65 virus infections, uncapped and double-stranded RNAs are detected in the cytosol by 66 the PRRs retinoic acid-inducible gene I (RIG-I) and related RIG-I-like receptors 67 (RLRs). However, the recent discovery of the cGAS-STING cytosolic DNA sensing 68 pathway, and the observation that it can also restrict RNA viruses (2), reveals a need 69 to further investigate the mechanisms of nucleic acid sensing during RNA virus 70
infection. 71
The stimulator of interferon genes (STING) is an endoplasmic reticulum-and 72 mitochondrial-bound protein that spontaneously activates ISG expression when 73 overexpressed (2). Although STING is involved in DNA sensing, STING -/-mice and 74 mouse endothelial fibroblasts (MEFs) are more permissive for vesicular stomatitis 75 virus (VSV), a negative-stand RNA virus (2, 3). Additionally, studies in MEFs 76 deficient in three prime repair exonuclease 1 (TREX1), a nuclease important for the 77 turnover of cytosolic retroelement cDNAs (4), have described enhanced antiviral 78 phenotypes in response to a wide array of RNA viruses and retroviruses, 79 presumably due to the accumulation of DNA in the cytosol (5, 6 ). It appears that this 80 DNA-based restriction is broad, as many RNA viruses have evolved mechanisms to 81 subvert the cGAS-STING pathway, including flaviviruses (7-9), hepaciviruses (10, 82 11), picornaviruses (3), coronaviruses (12) (13) (14) (15) (16) (17) , and influenza A virus (18) . 83 STING does not directly interact with cytosolic DNA, but functions as an innate 84 immune adaptor protein to transduce signals between cyclic GMP-AMP synthase 85 (cGAS) and Tank-binding kinase 1, which subsequently phosphorylates the 86 transcription factor interferon regulatory factor 3 (IRF3) to initiate an ISG response 87 (19). Recent evidence also suggests that STING inhibits translation by unknown 88 .
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The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint 5 mechanisms and may restrict RNA virus replication independent of IRF3 activation 89 (20) . 90 cGAS is a nucleic acid-binding protein specific for dsDNA and DNA:RNA hybrids 91 that also has nucleotidyl transferase activity (21) (22) (23) (24) . DNA binding induces structural 92 changes to form the cGAS active site, which synthesizes a non-canonical 5´-2'-and 93 5´-3'-linked cyclic dinucleotide known as cyclic guanosine monophosphate-94 adenosine monophosphate (cGAMP) (25) (26) (27) (28) . cGAMP is a diffusible secondary 95 messenger that specifically binds to STING with high affinity (K D ~4 nM), thereby 96 inducing a downstream innate immune response (29) (30) (31) (32) . 97
For RNA viruses that replicate in the cytosol without a DNA intermediate, the 98 specific ligands that activate cGAS remain unclear. At present, the prevailing 99 hypothesis is that RNA viruses induce release of mitochondrial DNA (mtDNA) into 100 the cytosol, thereby activating innate immune responses (7, (33) (34) (35) (36) . However, it is 101 unclear whether mitochondrial damage is a conserved feature of RNA virus 102 infection, nor is it clear that cGAS-STING activation follows the same pathway for 103 both RNA and DNA viruses. 104
In this study, we investigated whether the DNA binding and cGAMP synthesis 105 activities of human cGAS (hcGAS) are required for RNA virus restriction. While both 106 activities were required, the amount of cGAMP produced during virus infection was 107 too low to detect. We also confirmed that hcGAS binds mtDNA in both uninfected 108 and infected cells but did not observe increased cytosolic or cGAS-associated 109 mtDNA in response to RNA virus infection. We found that cGAS stimulated 110 smoldering, low-level innate immune activation, most likely in response to 111 endogenous DNA ligands, suggesting that cGAS-STING can passively restrict 112 incoming RNA viruses. 113 .
The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint THP-1 cells and THP-1 KO cells reconstituted with WT hcGAS-HA3x restricted 158 growth of VSV-GFP, VSVΔM51A-GFP, and SINV-GFP, while THP-1 KO cells or 159 THP-1 KO cells reconstituted with inactive hcGAS-HA3x mutants showed little or no 160 restriction ( Figure 3D-3F ). As observed previously in MEFs, VSVΔM51A-GFP was 161 more potently restricted than VSV-GFP, but unlike in MEFs, infected fewer cells 162 expressing mutant cGAS. This was also true for SINV-GFP, albeit restriction with 163 WT hcGAS-HA3x was extremely potent, comparatively. It is unclear whether these 164 modest decreases in infection of the cGAS mutants was due to hcGAS-HA3x 165 overexpression in THP-1 cells, residual hcGAS activities, or normal clonal 166 variation of cells. Nevertheless, these results are most consistent with an integral 167 role for cGAS DNA binding and cGAMP synthase activities in RNA virus restriction. 168
Detection of cGAMP produced in response to DNA transfection but not 169 RNA virus infection. Because cGAMP synthesis activity was essential for RNA 170 virus restriction, we next sought to identify cGAMP produced in response to RNA 171 . CC-BY-NC-ND 4.0 International license author/funder. It is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint 8 virus infection or, as a positive control, DNA transfection, by using liquid 172 chromatography-mass spectrophotometry (LC-MS) and LC-MS/MS. HEK 293E cells 173 were used in these experiments because this cell line lacks endogenous cGAS 174 expression and could be reconstituted with WT or mutant hcGAS-HA3x; however, 175 unlike MEFs and THP-1 KO cells, HEK 293E cells could be efficiently transfected 176 with DNA and readily scaled up for isolation of cGAMP from cytosolic extracts. As 177 shown in Figure 4A , a unique UHPLC peak (~5 minutes elution) was observed after 178 transfecting WT hcGAS-HA3x-expressing HEK 293E cells with salmon sperm DNA; 179 MS analysis confirmed that this peak corresponded to cGAMP ( Figures 4B and 4C) . ) . Surprisingly, cGAMP remained below detectable levels after 5 hours of 183 VSV-GFP infection at a MOI of 10 ( Figure 4D ), suggesting that detectable levels of 184 cGAMP were not produced in response to RNA virus infection. 185
While the LC/MS technique provides exquisite specificity for identifying cGAMP 186 in complex cytosolic extracts, cGAMP biological assays may be more sensitive. 187 Indeed, our UPLC-MS configuration reliably detected nanogram amounts of cGAMP 188 spiked into cytosolic extract (Fig. 4E) , which equates to >1 million molecules of 189 cGAMP per cell. We therefore established a bioassay for cGAMP-mediated IRF-3 190 activation in streptolysin O-(SLO)-permeabilized cells ( Figure 4F ). This bioassay 191 was shown to be dependent on STING activation ( cGAS-associated mtDNA. Surprisingly, VSV-GFP infection had no impact on the 215 amount of cGAS-associated mtDNA (Fig. 5B) , which led us to isolate cytosolic DNA 216 ( Figure 5C ) to quantitate mtDNA content with and without infection. Unexpectedly, 217 VSV-GFP infection had no impact on either the total amount of cellular mtDNA (Fig.  218 5D) or cytosolic mtDNA (Fig. 5E) . 219
To more broadly assess cytosolic and hcGAS-bound DNAs, we developed deep 220 sequencing libraries from cytosolic extracts or after immunoprecipitation of WT 221 hcGAS-HA3x. The first one-third of the mitochondrial genome was specifically 222 enriched in cytosolic preps from both uninfected and VSV-GFP-infected MEFs 223 ( Figure 5F ). Similarly, mtDNA was also highly enriched after immunoprecipitation of 224 hcGAS-HA3x, although there was a bias for the latter three-quarters of the genome 225 ( Figure 5G ). Importantly, there was no obvious difference in mtDNA pulldown 226 between uninfected and infected cells. Collectively, these data indicate that VSV 227 does not induce cytosolic release of mtDNA to stimulate cGAS activation. Consistent 228 with this, VSV-GFP replicated equally well in LMTK cells and mtDNA-depleted LMTK 229 . CC-BY-NC-ND 4.0 International license author/funder. It is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint  0 cells (41), which express cGAS and STING ( Figure 5H ). Collectively, these data 230 suggest that mtDNA is dispensable for cGAS-mediated restriction of an RNA virus. 231
Although VSV is a negative-strand RNA virus that replicates solely via RNA 232 intermediates, it has been reported that VSV-specific cDNAs can arise in infected 233 cells, presumably through reverse transcriptase (RT) activity encoded by 234 endogenous retroelement(s) (42). We therefore investigated whether such viral 235 cDNAs arose during VSV-GFP infections in our laboratory. Indeed, VSV N 236 gene-specific cDNAs were generated in infected cells, although in extremely low 237 abundance, ~1 copy/10 4 cells ( Figure 5I ). The cDNA origin of the N gene template 238 was confirmed by nuclease treatment ( Figure 5J ), by its sensitivity to tenofovir, an 239 RT inhibitor that had no effect on VSV replication ( Figure S3A concluded that cGAMP is not produced in response to VSV infection, we also 319 considered the possibility that cGAMP levels may be below the limit of detection 320 and/or rapidly degraded. Whereas cGAMP synthesis is readily detected in response 321
to DNA transfection, this may simply reflect the wide dynamic range of cGAS in 322 response to overloading the cytosol with transfected DNA. Moreover, it has been 323 exceedingly difficult to detect cGAMP after virus infections, even for DNA viruses. 324
For instance, Paijo et al. reported that the detection of cGAMP produced in response 325
to cytomegalovirus infection was cell type-dependent, despite active cGAS-STING 326 expression. Where cGAMP was detected, levels were on the order of 5 fmol/10 4 327 cells, or ~3x10 5 molecules/cell, which was slightly above their assay's limit of 328 detection (53). As our biochemical and biological assays were both less sensitive 329 than that of Paijo et al., we surmise that the synthesis of cGAMP in response to RNA 330 virus infection is below the limit of detection and/or may be rapidly turned over. 331 Alternatively, continuous low-level production of cGAMP in response to endogenous 332 DNA ligands may be more relevant to RNA virus restriction. Clearly, cGAMP assays 333 with improved sensitivity are needed to discern between these possibilities. 334
Because cGAS DNA binding activity was required for VSV restriction, we 335 examined whether VSV introduces cGAS DNA ligands into the cytosol. Prior work 336 has shown that the cytosolic release of mtDNA activates the cGAS-STING pathway 337 (33-35); moreover, infection with HSV-1, a DNA virus, or dengue virus, an RNA 338 virus, reportedly causes cytosolic release of mtDNA (34, 40 ). An emerging concept 339 is that mammalian cells may regulate the efflux of mtDNA into the cytosol in 340 response to stress, supported by a role for the Bax/Bak pore in mtDNA release as 341 well as mitochondrial inner membrane release mechanisms via permeabilization and 342 . CC-BY-NC-ND 4.0 International license author/funder. It is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint 14 herniation (33-35, 54, 55) . In contrast, the levels of cytosolic mtDNA and 343 cGAS-associated mtDNA did not increase during VSV infection. Moreover, 344 cGAS-STING-mediated VSV restriction was intact in  0 cells, which lack mtDNA, 345 consistent with similar experiments reported by Franz et al. (20) . Real-time 346 examination of mitochondrial dynamics may be needed to clarify the role of mtDNA 347 release during RNA virus infections. 348
Given that cGAS recognizes RNA:DNA hybrids (22), as well as a recent report of 349 VSV cDNAs (42), we also quantitated viral cDNAs produced during VSV infection. form of Aicardi-Goutières syndrome (4, 56, 57) . 362
Given that cGAS may be continuously stimulated by endogenous DNA ligands, 363
and that candidate DNA ligands were unchanged during VSV infection, we 364 examined whether cGAS contributes to a pre-existing baseline of innate immune 365 activation. Indeed, low level cGAS-dependent ISG expression was observed even in 366 the absence of viral infection and was significantly decreased in cGAS KO cells, 367 consistent with prior examples of the cGAS-STING pathway altering ISG baseline 368 expression (2, 50, 58, 59). These results support the hypothesis that cGAS 369 contributes to RNA virus restriction by establishing smoldering, baseline-levels of 370 constitutive innate immune activation. This is an important distinction from other 371 . ISG-independent manner (20). However, we do not exclude the possibility that 380 smoldering cGAS activation may also contribute to ISG-independent mechanisms of 381 virus restriction via STING. 382
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In summary, we propose that cGAS may become activated in response to RNA 383 virus infection, such as by virus-induced mtDNA release, but also contributes to RNA 384 virus restriction via constitutive, low-level innate immune activation, likely via 385 recognition of endogenous DNA ligands (Fig. 8) . 386
Materials and Methods 387
Animal research. All mice were maintained, bred, and handled in our facility in 388 THP-1-Lucia ISG cells (Invivogen) were maintained at 37°C and 5% CO 2 in 411 RPMI 1640 containing 2 mM L-glutamine, 10% FCS, 0.1 mM NEAA, 10 U/mL 412 penicillin/streptomycin, 100 μg/mL normocin, and 100 μg/mL zeocin. 413
Pilot experiments showed that THP-1-derived macrophages were more 414 permissive for SINV-GFP than undifferentiated THP-1 monocytes. Differentiation of 415 .
CC-BY-NC-ND 4.0 International license author/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint THP-1 monocytes to macrophages was performed by plating cells at a concentration 416 of 5x10 5 cells/mL in fresh media and incubating for three days with 100 ng/mL 417 phorbol myristrate acetate (PMA; Invivogen). Adherent monolayers were washed 418 once with DPBS, dissociated with 0.05% trypsin/EDTA, resuspended in fresh media, 419 counted, and seeded for experimentation. 420
Viruses. Viruses expressing green fluorescent protein (GFP) were used to 421 facilitate monitoring of virus infections. rVSV-p1-eGFP (VSV-GFP) (64) and 422 rVSV-ΔM51-p5-eGFP (VSVΔM51A-GFP) (65) were kind gifts from Drs. J. Rose and 423
A. van den Pol (Yale), respectively. SINV G100-eGFP (SINV-GFP) (66) Tris pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) 443 containing protease inhibitor cocktail, followed by a 20-minute spin at 16,100 x g and 444 .
The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint 18 4°C to remove insoluble material. Protein concentrations were quantified by using a 445 BCA protein assay kit (Thermo Scientific). Equal amounts of protein were separated 446 on 4-12% Bis-Tris Bolt SDS-PAGE gels (Thermo Scientific) and transferred to PVDF 447 membranes by using a Pierce Fast Semi-Dry Blotter. Immunoblotting was performed 448 by 30 minutes of blocking with either 5% milk (American Bio) or SuperBlock (Thermo 449 Scientific) followed by primary antibody and then secondary antibody (2 hours and 1 450 hour at room temperature, respectively), diluted in the same blocking solution. Blots 451 were developed by using SuperSignal Pico or Femto chemiluminescence substrate 452 kits (Thermo Scientific) and imaged on a GE ImageQuant LAS 4000. Precision Plus 453 protein standards (Bio-Rad) were used to estimate protein molecular weights. 454
The following primary antibodies were used for western blotting analysis: Rabbit 455 anti-HA (1:1,000, Abcam #ab9110), rabbit anti-pIRF3 (1:1,000, Abcam #76493), 456 rabbit anti-cGAS (1:500, CST #15102s), rabbit anti-TOM40 (1:5,000, Santa Cruz 457 #H-300), rabbit anti-Calreticulin (1:5,000, Abcam #ab2907), rabbit anti-Lamin B1 458
(1:1,000, Abcam #ab16048), and mouse anti-β-actin (1:10,000, Sigma #A1978). 459
The following secondary antibodies were used for western blotting analysis: Goat 460 anti-rabbit horseradish peroxidase (1:5,000, Jackson ImmunoResearch 461 #111-035-144), and goat anti-mouse horseradish peroxidase (1:5,000, Jackson 462
#115-035-146). 463
To immunoprecipitate cGAS-DNA complexes, hcGAS-HA3x-expressing cells 464 were fixed in DPBS containing 0.5% paraformaldehyde (5 minutes, room 465 temperature), then quenched with 125 mM glycine. All subsequent steps were 466 performed at 4°C. After two washes with DPBS, cells were lysed for 30 minutes in 467 ice-cold RIPA, followed by a 20-minute spin at 16,100 x g. Clarified lysates were 468 sonicated with four cycles of 10 seconds on and 30 seconds off at 20% amplitude on 469 a Sonifier 450 (Branson Ultrasonics). Samples were spun for 20 minutes at 16,100 x 470 g and supernatants were retained. 471
To perform immunoprecipitation, lysates were pre-cleared with 2 μg/mL rabbit 472 sera and two incubations with 50 μL protein A-magnetic beads (Pierce). Samples 473 .
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The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint were then rotated overnight with 2 µg HA antibody, and complexes were captured 474 with Protein A-magnetic beads. Washing was performed as follows: 2x with RIPA, 2x 475 with high salt RIPA (500 mM NaCl), 1x with IP-wash buffer (0.5 M LiCl, 1% NP-40, 476 1% deoxycholate, 100 mM Tris-HCl pH 8.0), and 2x with T 10 E 1 (10 mM hcGAS-3xHA was cloned into pLenti-puro (69) (Addgene plasmid # 39481). 511
Site-directed mutagenesis of hcGAS was performed by using appropriate 512 primers (Table 1) and PfuTurbo (Agilent Technologies), as previously described 513
(70). Mutants were sequenced and subcloned back into the pMXs-IRES-puro vector 514
with XhoI and NotI. 515
Gene knockout was performed in cell culture by using Cas9 to induce 516 non-homologous end-joining repair. Briefly, gRNAs-specific oligos (Table 1) were 517 chosen from published datasets (71) or designed with gRNA Designer (72) and 518 cloned into pLentiCRISPR (73) (Addgene plasmid # 51760). 519
Lentiviruses and retroviruses. Lentiviruses and retroviruses were packaged in 520
HEK 293E cells by co-transfection with appropriate HIV-or MLV-Gag/Pol and VSV G 521 packaging constructs. Forty-eight hours post-transfection, packaged vector stocks 522 were clarified (16,100 x g), passed through a 0.45 µm filter, and supplemented with 8 523 µg/mL polybrene (Sigma) and 20 mM HEPES (Life Technologies). Target cells were 524 transduced by spinoculation, selected with 3 µg/mL puromycin, and screened for 525 expression or knockout via genomic PCR and sequencing and/or western blotting. 526
To develop clonal cultures, adherent cells were isolated by using sterile 8 mm Pyrex 527 cloning cylinders and expanded. Clonal phenotypes were screened via western 528 blotting or qPCR. 529 . Tris-HCl, pH 7.4, 10 mM KCl, 1.5 mM MgCl 2 ). Cells were lysed via nitrogen 541 cavitation in a cell disruptor (Parr Instrument Company). Lysates were clarified at 542 1,000 x g for 5 minutes, then 16,100 x g for 10 minutes, retaining the supernatants. 543
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Resulting supernatants were digested for 1 hour with benzonase (0.5 U/μL; Fisher 544 Scientific) at 37°C, 1 hour with proteinase K (0.5 U/μL; Invitrogen) at 55°C, 545
heat-inactivated at 95°C for 10 min, and spun for 5 minutes at 16,100 x g, retaining 546 the final supernatant (S1). 547
To detect cGAMP bioactivity, 2 µL of S1 sample, synthetic cGAMP (positive 548 controls), or DPBS (negative controls) were incubated with 10 6 THP-1 cells, 2 mM 549 ATP, 1.5 ng/µL SLO (a kind gift from Dr. N. Andrews, University of Maryland) and 550 media in 8 µL (total volume). After 1.5 hours at 30°C, reactions were lysed with an 551 equal volume of RIPA buffer and processed for phosphorylated IRF3 western blot, 552 as above. To detect cGAMP by liquid chromatography and mass spectrophotometry, 554 trypsinized cells were washed once with DPBS, pelleted at 1,000 x g and then frozen 555 at -20°C. To extract cGAMP, 5x10 6 cells/mL were resuspended three times in 556 extraction buffer (40% acetonitrile, 40% methanol, 20% ddH 2 O) for 20 minutes, 557 spinning after each extraction at 16,100 x g and keeping the supernatant. 558 .
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Supernatants were pooled, dried overnight in a GeneVac HT-8 (SP Scientific), and 559 resuspended in 100 µL ddH 2 O per 5x10 6 cells. Samples were filtered with a 0.2 μm 560 PTFE syringe filter (VWR) prior to loading into a Luna Omega C18 UHPLC column 561 (Phenomenex) on an iFunnel 6550 Q-TOF / MS (Agilent). Samples were run in 562 negative mode with the following parameters: Buffer A = 0.1% formic acid; Buffer B = 563 acetonitrile, 0.1% formic acid; gradient cycles: 0 -4% B over 10 minutes, 4% B -564 100% B over 5 minutes, 5 minutes wash with 100% B; UV detection at 260 nm, m/z 565 scans from 150-1,000. cGAMP was observed between 4-7.5 minutes in extracted 566 ion chromatographs at an observed mass of 673.085 m/z; this was confirmed to be 567 cGAMP by MS/MS ion fragmentation patterns. 568
Preparation of cytosolic nucleic acid extracts. Cells were trypsinized and 569 resuspended in an equal volume of fresh media, then spun at 1,000 x g for 5 minutes 570 at room temperature. After washing once with DPBS, cells were resuspended in 571 cytosolic extraction buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 25 µg/mL digitonin) 572 and incubated for 10 minutes at 4°C with rotation. A succession of 4°C spins was 573 performed, retaining the supernatant for each step: 3x 1,000 x g for 3 minutes, 1x 574 16,100 x g for 10 minutes, 1x 100,000 x g for 1 hour on a 0.34 M sucrose cushion 575 (SW41 Ti rotor, Beckman). The final supernatant was then processed for western 576 blotting, above, and DNA purification, below. 577 DNA purification and phi29 amplification. DNA was isolated from total cytosol 578 by treating samples with RNase A and RNase T1 (Ambion) for 1 hour at 37°C, 579 digesting with Proteinase K for 1 hour at 55°C, and heat inactivating at 95°C for 15 580 minutes. DNAs were then purified with the QiaQuick purification kit (Qiagen). To 581 isolate DNA from immunoprecipitates, crosslinks were reversed by adding 5 M NaCl 582 (0.3 M final) and shaking overnight at 65°C, then digesting RNA and protein, as 583 above. For isothermal DNA amplification, 1-40 ng of DNA was annealed to 584 exo-resistant random hexamer primers (Molecular Cloning Laboratories) and 585 amplified overnight at 30°C with phi29 DNA polymerase (NEB), followed by a 65°C 586 inactivation step. DNA was extracted with the QiaQuick purification kit. 587 . CC-BY-NC-ND 4.0 International license author/funder. It is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint Sequencing library preparation, sequencing, and analysis. Phi29-amplified 588 samples were sonicated, as above, to achieve DNA fragments of 200-to 500-bp. 589
DNAs were end-repaired with T4 DNA polymerase (NEB), T4 polynucleotide kinase 590 (NEB), and Klenow DNA polymerase (NEB) at 20°C for 30 minutes, then purified via 591 QiaQuick. A-tailing was performed with Klenow fragment (3'-5' exo [-] The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/434027 doi: bioRxiv preprint 
